A method is described for estimating the quantity of blood in the leg. Experiments evaluating the accuracy and validity of the method using I 131 labeled human serum albumin and in vivo analysis are presented. The data suggest that in the recumbent position the leg is about 5.6 volumes per cent blood. Speculation in regard to the similarity and amount of other portions of the body to the leg lead to the possibility that about six-tenths of the blood is present in the carcass and fourtenths in the viscera. I N this laboratory methods are being investigated for measuring blood flow rates by means of radioisotopes. A previous communication described methods for measuring flow rates in the lower extremities. 1 One of the parameters which must be evaluated in order that flow rate calculations can be made is the quantity of blood in extremities which shows a characteristic rate constant. Heretofore this was done by making models or phantoms which simulated the geometry of the part, for example, the leg. However, this approach is timeconsuming and limits routine clinical application .
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The method described here is based upon counting done at a distance much greater than the dimensions of the source so that errors due to variations in the geometric configuration of the source may be neglected or corrected by simple approximation formulae. METHODS Equipment. Radioanalyses, unless otherwise specified, were made with a scintillation detector consisting of a thalliated sodium iodide crystal one inch in diameter by one inch long in connection with a photomultiplier tube and a sealer. The entire crystal and tube assembly were shielded by approximately two inches of lead on all sides except for a conical aperture which was coaxial with the crystal and tube and had a diameter of one and one-half inches at the crystal face and three inches at the outer surface of the lead.
The effective background, due to radiation from blood outside of the leg under study, was minimized by placing the patient outside an IS inch concrete wall. This resulted in shielding of 95 per cent. A 6 inch solid concrete wall produces nearly as much diminution in radiation. A shield for one or both legs was fabricated of five-eighth inch lead slabs and mounted on a movable support at stretcher height (fig. I)-
Procedure. Eighteen male patients, who iweived by intravenous injection 100-200 nc. of I 111 labeled human serum albumin solution for cardiac output measurement or bruin tumor surveys, were studied. A plumb bob suspended from the ceiling was used to assure identical distances (about 6 feet) of analyzed objects from the detector. The radioactive content of the dose in the syringe "count A" was analyzed in this position. The probable error of all counts was 1.5 per cent or less. At the end of each experiment the remaining content of the syringe was analyzed "count B" in the manner of "count A." Venous blood samples, drawn at 5, S, and sometimes 30 minutes, were used to measure blood volume. Leg counts were made approximately 10 to 15 minutes after injection.
In the absence of contraindication, a tourniquet was applied high on the right thigh and quickly inflated to 500 mm. Hg pressure with the patient reclining. The patient was then instructed to stand in a normal manner with the right leg in a 40 L. cylindrical calibrated glass container for measurement of leg volume by water displacement. The patient then was positioned behind the wall and "count C" was recorded. Following this, the background was recorded "count D" while both legs were within the lead shield.
EXPERIMENTS FOR EVALUATING VALIDITY OF THE METHOD
It is assumed that I 131 human serum albumin is confined to and uniformly mixed in the blood at the time of measurement. Proof of the validity of the method gives rise to the follow- 483 Circulation Rtteank, Volume HI, SepUmbrr 19SS 4S4 BLOOD VOLUME OF HUMAN LIMBS
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Counter PIG. 1. Diagrammatic top view of apparati. Background radiation was measured with both legs in the lead shield, "count D" and "count C" was obtained with the patient in the pictured position.
ing questions regarding gamma ray characteristics:
(1) How can radiation from a part of the body be effectively isolated in a -patient? The background count was made with 18 inches of concrete or five-eighths inches of lead between the patient and the counter. When the leg count was made all other parts of the body except the leg were shielded as above. Thus the difference in count rates was made large so as to minimize possible error.
(2) How does secondary radiation from mass due to I m elsewhere in the body affect the measurements? Secondary radiation of the leg was studied in several independent experiments which substituted water for tissue, and simple available shapes for parts of the human body. First a plastic bottle of six inches outside diameter containing 4 L. water and 60 tic. of I 131 was placed in the position corresponding to the position of the proximal portion of the thigh and a similar bottle containing only water was placed in the position of the exposed remainder of the leg. Since absorption of I 131 radiation is about 90 per cent by 6 in. of water or tissue, absorption within tissue prevents secondary radiation from being generated at any great distance from the primary source. Therefore, this model was considered to represent the principal factors in the problem. A count was made with this arrangement and a second count was made with the I 131 bottle in place but the water bottle removed.
The experiment was repeated except that this time a vial containing 1600 ixc. of I 131 was added as a representation of the I 131 in the torso of a patient. It was placed approximately in the position corresponding to a patient's heart and increased scatter from the exposed water bottle from 5 to 7 per cent. Since radiation from the "main blood pool" in a patient would undergo absorption, this two per cent increase, due to the addition of the vial, was taken to be an upper limit to the scatter from this pool. A patient with an above-the-knee amputation was injected with 150 MC of I 131 human serum albumin and positioned for counting the space occupied by the absent leg. A four-liter bottle of water was then placed against the stump, simulating the missing limb free of radioactivity, and the count was repeated. The difference between these counts was interpreted as the scatter which would have occurred in an actual leg. Thus, except for possible circulatory changes connected with the healing of the stump, the source of primary radiation was exactly that which existed in leg counts. The scattering body was still a bottle of water rather than a leg. The results of this experiment essentially confirmed the 5 to 7 per cent scatter predicted by the first two experiments.
(3) How will small errors in the relative positions of subjects and apparatus alter the measurements? The inverse square law is not strictly applicable to the radiation field about a patient. This law assumes a point source and makes no allowance for absorption or scatter of radiation by the intervening air. However, experiments using large vessels of I 1 " solution, arranged to simulate a patient and conducted under the same conditions of scatter and absorption under which the patient measurements were made, showed the inverse square law to be applicable in correcting small errors in placement of the leg, (fig. 2 ). The uniformity of the counts due to the same amount of blood at different points in the length of the leg was tested. This was done by measuring the counting rate due to a sample of I" 1 effect of about 97 per cent and there is a space of about 25 inches beyond in which the count is fairly uniform.
Since in every determination the distal 22Jî nches of the leg were exposed to the counter, a correction factor was obtained to allow for the slight discrepancy between the mean counting rate along the leg and the count under the plumb bob where the syringe was counted.
(4) Will scattered radiation from surroundings affect the residtsf Scatter from the lead shield was found to be insignificant. Scatter from the supporting shelf for the leg was incidentally found to be significant, presumably because of its close proximity to the source of radiation. Since very little of the I'" in the leg was in close proximity to the shelf, this error was eliminated by counting the syringe "count A" and "count B" on a cardboard support which raised it to the level of the middle of the leg and effectively abolished scatter from the supporting structure. varying diameters of the source limbs and of the radically smaller diameter of the source syringe in "count A" and "count B" was evaluated by counting the same quantity of I 1 " repeatedly, diluted in a series of cylindrical glass vessels varying from 0.5 to 12 inches in diameter. In every case the distance from axis of the source to the face of the counter was unchanged, the geometric relation of the axis of the source to incidental surroundings was maintained, and the source was diluted to the same depth in the container. Thus only the 486 BLOOD VOLUME OF HUMAN LIMBS diameters of the containers varied. The results of these measurements are shown in figure 4 . Reasonable variations in leg diameters do not appreciably affect the count, and an error of about 2 per cent occurs when a very small diameter syringe is counted in comparison to a leg. This error is applied (see Calculations).
Calculations. The per cent of total blood Fia. 4. Count, rute plotted against container diameter for the same quantity of radioactivity. The axis of the containers were maintained at identical distances from the detector (see text, under 5 Experiments for Evaluating Validity of the Method). volume in the leg was calculated from the formula:
where the counts are as defined under Procedure, T.B.V. is total blood volume and f is a correction factor. This factor corrects a variety of errors inherent in the procedure. These include: (1) The fact that the response to radiation is not identical from all points along the length of the leg. Since this variation is slight, we assume as an approximation, uniform blood distribution with length, and the correction factor is 1.025 ( fig. 3 ).
(2) The fact that the shielding for "count D" is only 98.7 per cent effective tends to make "count D " falsely high and thus gives a low value of leg blood volume. This factor is 1.013.
(3) The fact that "count C" includes secondary radiation due to I 1 " not in the measured portion of the leg. This correction amounts to 0.94 (see Experiments for Evaluating Validity of the Method). The effect of self-absorption and scatter from the source, which reduces "count C" but is negligible for "count A." The factor amounts to 1.021 ± .006 for legs between 3 and 5 inches mean diameter ( fig. 4 ).
Taken together, these factors amount to .996 which is well within the limits of error of the experiment and are therefore disregarded.
An individual correction for each experiment resulted from the fact that slight errors in positioning the leg were tolerated as being more easily corrected mathematically than by precise positioning. This, then, is the factor f, in the formula. It is calculated from the inverse square law, as justified by Experiments for Evaluating Validity of the Method.
From the leg blood volume and the leg total volume as determined by water displacement (see Procedure), the per cent blood for the leg was determined.
RESULTS AND DISCUSSION
Eighteen hospital patients (see description of patients) were studied. Most of them had abnormalities, but a few of them may be regarded as normal. The blood content of their legs expressed as volume per cent ranged from 3.9 to 6.8 with a mean of 5.6 (table 1). Also shown in table 1 are the weights and blood volumes for each individual. Using these data, a ratio of the blood volume per unit body weight to the per cent blood volume of the leg was calculated for each individual, (VDI of table ]). The ratio had a range of 1.16 to 2.35 and a mean of 1.5 indicating that the quantity of blood per unit tissue is lower in the leg than in other parts of the body.
About nine-tenths of the body has composition similar to that of the leg. The remaining frequently have blood volumes of 5.5 L., nine-tenths of the body or 63 Kg. is musculoskeletal system and fat of which 5.6 per cent or 3.5 L. are present in the musculoskeletal system. Thus two liters remain for distribution in the "viscera." Data exist for the amount of blood in the pulmonary system and in the normal man this is about 10 per cent of the total blood volume. 4 In this hypothetical man the pulmonary volume would thus be about .55 L.
There are also estimates for the volume of the aorta 6 and this is about .25 L. One and twotenths liters remain for distribution in the great veins and delivery arteries within the chest and abdomen and cranium and within the viscera proper. A first approximation for visceral blood volume might be 10 volumes per cent. This would only amount to .07 liters and leaves about one liter for distribution in the major blood delivery channels outside the musculoskeletal system. Table 2 is a list of the values for "musculoskeletal" and visceral "blood" calculated in the manner described above for each of the patients.
The patients showing the largest fraction of their blood volume in the viscera were 3, 8 and 9, all of whom had the syndrome of congestive * This column is obtained by dividing the value for the estimated musculoskeletal blood volume of each patient (column 1) by that patient's total blood volume. heart failure. Patient 17, although never noted to have congestive heart failure, had angina decubitus associated with a severe degree of sympatheticotonia.
Patients 5, 6, 10, 12, 13, and 14 were those showing a small fraction of blood in their viscera and a large amount in the body. It is interesting that all of these six individuals with the exception of 6 and 12 would appear to have associated findings which would suggest an excess of blood in the extremities, and in some instances a relative lack in the viscera. Patient 13 is probably the outstanding example having, "a long thin heart, pulmonary emphysema and neurocirculatory asthenia for many years." Arthralgia if associated with arthritis (patient 14) is by definition associated with a plethora of blood. The occlusion of a significant portion of the venous return leads to a pooling of blood. Thus patient 5 with the inferior vena cava ligation falls into this category. Patient 10 with marked hypertrophic pulmonary osteoarthropathy would appear, because of this finding, to have reason for an excess of blood in his axtremities.
The smallest visceral blood volume, 1 L., found in patient 13, may be near minimum for the existence of normal blood kinetics in a man of this size.
Estimates of the volume of blood in the musculoskeletal system would ideally include a greater sampling than carried out here. Measuring the amount of blood in all of the extremities simultaneously would be an improvement; however, this requires an extensive array of equipment. Another problem requiring study is the difference, if any, in the distribution of red cells and plasma in the body. Ideally, this kind of study should be carried out with a red cell tag as well as a plasma tag. The plasma tag as used here has the disadvantage of being lost from the circulation, so that estimates by external counting are in error by an unknown amount. The rate of loss is slow enough that the error must be small. Opposed to the loss phenomenon is the time of equilibration of the tag in all of the blood of the body. Equilibration of the I 131 in the leg was observed by a counter placed about two inches from the skin surface and evaluation of volume distribution was not started until equilibration had occurred. SUMMARY A method is presented for measuring the blood volume of a human extremity by means of I 111 labeled human serum albumin solution and in vivo gamma ray analysis and experiments are described for the support of the validity of the method.
Eighteen results as obtained from a hospital population are presented.
Speculation based upon the data of these 18 subjects suggests that in the normal recumbent individual 60 per cent of the total blood volume is in the musculoskeletal system. This also suggested that in patients, having certain diseases, there is an abnormal distribution of blood. 11. Age 36. Acute intermittent porphyria. There was hypesthesia over the lower aspect of the left leg and a left foot drop. There had been a left lumbar sympathectomy. Nausea, vomiting and lower abdominal pain had been part of the syndrome.
12. Age 21. Rheumatic fever. At the time of the study sedimentation rate and temperature were normal. The electrocardiogram was suggestive but not conclusive for myocarditis.
13. Age 60. Pulmonary emphysema. A roentgenogram showed lung bullae and a long thin heart. The vital capacity was 1.8 L. and the maximum breathing capacity was 24.4 L. per minute. Blood oxygen saturation was 89 per cent at i-est and the cardiac output was normal.
J4. Age 64. Arthralgia, possible gout. Dependent edema occurred on substitution of Butazolidin for cholchicine when tli3 latter failed to relieve arthralgia of the knee. There was a low cardiac output and a low basal metabolic rate.
15. Age 40. Acute rheumatic fever. There was no edema or other signs of congestive heart failure; but there were cardiac murmui'S, subcutaneous nodules, elevated antistreptolysin titres and moderate cardiomegaly.
16. Age 35. Brain tumor. Cephalgia and partial anesthesia of the left side was present.
17. Age 52. Advanced arteriosclerosis. Myo-cardial infarction occurred several months before this study. There was angina decubitus and an absent right femoral pulse. The right leg was warmer than the left and an aortagram showed occlusion of the right common iliac artery. A right lumbar sympathectomy had been performed. IS. Age 4S. Advanced ai-teriosclerosis. Intermittent claudication was more severe in the right than the left leg. An aortagram showed partial occlusion of the right common iliac artery. Excessive calcification was present in the vessels of both legs. Had had a bilateral lumbar sympathectomy. The cardiac output was low.
